Vulnerability of buildings to natural and man-induced hazards has become a main concern for our society. Ensuring their serviceability, safety and sustainability is of vital importance and the main reason for setting up monitoring systems to detect damages at an early stage. In this work, a method is presented for detecting changes from laser scan data, where no registration between different epochs is needed. To show the potential of the method, a case study of a laboratory test carried out at the Stevin laboratory of Delft University of Technology was selected. The case study was a quasi-static cyclic pushover test on a two-story high unreinforced masonry structure designed to simulate damage evolution caused by cyclic loading. During the various phases, we analysed the behaviour of the masonry walls by monitoring the deformation of each masonry unit. First a plane is fitted to the selected wall point cloud, consisting of one single terrestrial laser scan, using Principal Component Analysis (PCA). Second, the segmentation of individual elements is performed. Then deformations with respect to this plane model, for each epoch and specific element, are determined by computing their corresponding rotation and cloud-to-plane distances. The validation of the changes detected within this approach is done by comparison with traditional deformation analysis based on co-registered TLS point clouds between two or more epochs of building measurements. Initial results show that the sketched methodology is indeed able to detect changes at the mm level while avoiding 3D point cloud registration, which is a main issue in computer vision and remote sensing.
INTRODUCTION
Building inspection and maintenance services need to be optimized. Sometimes, the extraction of a geometric property involves a large number of manual, subjective and timeconsuming consecutive measurements which may lead to erroneous assessment of the state of the infrastructure. On other occasions, building managers conduct their geometry studies based on classical geodetic methods, which, despite their high accuracy and precision, allow only a small sample of points to be measured. In this regard, the use of terrestrial Light Detection and Ranging (LiDAR) for structural monitoring and damage detection has increased significantly in recent years. Due to its capacity to provide fast, dense and accurate measurements, there are several applications in tunnels , bridges (Riveiro et al., 2013; Valença et al., 2017) , landslides (Abellán et al., 2014; Monserrat and Crosetto, 2008) or breakwaters (Puente et al., 2014) . Change detection from laser scan data is normally performed by comparing the 3D coordinates of corresponding points of two or more epochs (Lindenbergh and Pfeifer, 2005; Lindenbergh and Pietrzyk, 2015; Van Gosliga et al., 2006) . However, with this approach the registration of different sets of data into one coordinate system is necessary. For more critical applications, when the expected result is very close to the noise level of individual laser scanner observations, tiny registration errors may lead to erroneous results when detecting changes (Shen et al., 2017) . In this paper, we propose an alternative approach to detect changes where no registration between different epochs is needed. To show the potential of the method, a case study of a quasi-static cyclic pushover lab test on a two-story high unreinforced masonry structure was selected. The building had calcium silicate (CS) element masonry walls and reinforced concrete slabs. The test was designed to simulate the damage evolution of the building caused by seismic loading. During the various phases, we analyzed the behaviour of the masonry wall by monitoring the deformation of each element. We evaluate the individual element rotations and the residuals of the points on each of the elements with respect to the main wall, where a plane is previously fitted using PCA. This paper is organized as follows. Sections 2&3 present the experiment description and the framework of our proposed methodology while the experimental results and their analysis are provided in Section 4. Finally, Section 5 summarizes the main points of our study and looks into future work.
CASE STUDY AND MEASUREMENT SETUP
In this paper we propose a method to evaluate the damage evolution in buildings. This method can serve as a powerful tool within the inspection and monitoring of existing buildings. To validate the method, we selected the case study of a quasistatic cyclic pushover test on an unreinforced masonry structure designed to simulate the damage evolution caused by seismic loading (Esposito et al., 2018) . The test was carried out at the Stevin II laboratory of Delft University of Technology. The building was a two-story high structure having walls made of calcium silicate (CS) element masonry and reinforced concrete slabs as floors. The structure had a floor plan of 5.4 x 5.2 m and a total height of 5.4 m (Figure 1 ). The south and north facades, which are identical, are represented only by the two piers connected to the transversal walls. Two sizes of the piers have been selected: on the western side the wide piers P1 and P3 have a width of 1.1 m, while on the eastern side the narrow piers P2 and P4 have a width of 0.6 m. Large masonry elements having dimensions 897x643x100-mm were used for the facade piers, while units having dimensions 897x643x120-mm were used for the transversal wall. The structure was loaded by four actuators, two per floor, positioned on the west side. A displacement was cyclically imposed at the second floor level, while a ratio of 1:1 was maintained between the forces at the two floor levels (F1 + F3 = F2 + F4). The applied displacement induced the piers on the north and south façade to deform in-plane, and the transversal wall to deform out-of-plane. The test was carried out in five phases named: Initial, Pre-peak, Peak, Post-peak I, Post-peak II. Laser scanning was used to acquire repeated three-dimensional point clouds of the structure after each testing phase was concluded (see Table 1 ). This allowed the identification of the locations and geometry of the masonry elements but also the measurement of the permanent deformations of the structure. A ScanStation C10 scanner was used during the experiment ( Figure 2 ). This is a TOF scanner with an effective range of 300 m at 90% reflectivity. The accuracy of range measurements is 6 and 4 mm (1 sigma) (in position and depth, respectively) at ranges up to 50 m (Geosystems, 2012) . The location of the laser stations was planned to minimize possible occlusions. A total of 40 scans was recorded during the four epochs. For the sake of simplicity, we consider here only the change monitoring of the west wall and wide pier 3 at the ground floor, which are the most damaged parts of the structure during the test. (Figure 3 ). However, the method could be applied in the same way to the rest of the structure. (a)
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Before the method for this purpose is designed, two facts should be pointed out: (1) wide pier 3 collapsed before Post-Peak II and therefore, there is no TLS data available for that last epoch; (2) Initial TLS point clouds are located in a local coordinate system ( Figure 4 ). To facilitate the interpretation of the deformation monitoring, we define the coordinate system as shown in Figure 1 : The X axis is perpendicular to the west and east walls, Y axis is perpendicular to the piers while the Z axis is pointing upwards. The origin of coordinates is set at the ground floor corner of the west wall and the wide pier 3 ( Figure  9 ). 
METHODOLOGY
The algorithm overview summarizes the steps performed to detect deformations and rotations, as shown in Figure 5 . The new approach (1) is then compared with the co-registered approach (2), used for validation purposes. To implement the proposed approach, we need to remove noise, outliers and irrelevant points from the 3D point clouds obtained in each of the epochs collected. Considering that the building was scanned with a scaffolding structure all around, some manual editing was required to clean the data. As mentioned, the point clouds of both walls were rotated and translated in such a way that their points aligned to the longitudinal axes of the 3D space. Afterwards, three steps are performed: (1) Plane fitting using PCA; (2) Segmentation of individual elements; (3) Estimating rotations and cloud-to-plane distances of each constituent element vs. wall. These steps will enable us to detect the abovementioned changes.
Plane fitting
Given a set of 3D points, we want to find a plane (i.e., unit normal n and center q) that describes this set of points. This plane is determined using Principal Component Analysis (PCA). PCA minimizes the perpendicular distances from the data to the fitted model. The coefficients for the first two principal components define vectors that span the plane; the third principal component, normal to the first two and oriented outwards, is then the eigenvector associated with the smallest eigenvalue of the symmetric positive semidefinite variancecovariance matrix of the neighboring data points (Castillo and Zhao, 2009 ). The fitted plane approximately minimizes the sum of the squared errors. These squared errors or residuals are the perpendicular distances between the original data minus the fitted points. The plane equation of the wall is expressed as:
where: n = (n x , n y , n z ) q = (q x , q y , q z )
Segmentation of individual elements
In this section, we use the intensity information provided by the laser scanner to segment the different CS elements using a Kmeans clustering algorithm as proposed by Shen et. al., 2017 .
Estimating rotations and signed cloud-to-plane distances
In order to parameterize the location of CS elements in 3D space, a plane model is again fitted to each individual element, defined by a normal and its center. For estimating the rotations, the normal vectors of the elements are computed. We use the same local coordinate system defined in Section 2, where coordinates X, Y correspond to the length or width of the elements, depending on the wall selected and Z to their heights. The resulting angles are computed as the dot product between each element normal unit vector n and the corresponding fixed axis (u, v) of the wall following the right-hand rule. Monitoring the rotations can be easily achieved by looking at those angles and comparing them with the fixed coordinate system.
Lastly, we also compute the signed point-plane distances between the plane (n, q) fitted to the main wall and data points p i of each of the individual elements. This is a classical way to detect changes, where the distances are computed orthogonally to the main wall. We evaluate the mean value of those distances and the standard deviation. For the interpretation, it should be taken into consideration that having a mean distance of around 0 does not mean there is no displacement, because signed distances can be compensated.
RESULTS AND DISCUSSION

Deformation analysis
To simplify the interpretation of the approach, only elements with larger changes have been considered in the methodology.
As an example, for the wide pier 3 the chosen CS elements are: 1, 4, 6 and 8. For the west wall, the attention has been put on the outer elements. Figure 6 shows the results of the signed point-plane distances of the abovementioned elements vs. the parametric plane model of the entire wall data recorded after Post-Peak I phase (E II ). Therefore, deformation values at this point are relative (and not absolute) to that best fitting plane of a 3D wall point cloud computed with PCA, being positive if points are on the same side of the plane as the normal vector n and negative if they are on the opposite side. In other words, positive deformations along the Y axis are then from the inside to the outside of the building. The process was repeated for the remaining epochs, each one defined by its plane model. Full deformation data of wide pier 3 are summarized in Table 2 . Taking this into account, we have detected negative out-ofplane displacements in elements 1 and 8 (red highlighted) and positive deformations in the contact between elements 4 and 6 (blue highlighted). This phenomenon was observed in all epochs, with their mean distances and standard deviations increasing slightly over time (see Table 2 ). Moreover, it is possible to compute the angle between each element with respect to the parametric plane model. Those angles are in all epochs less than 1 degree. As a consequence, we assume that the elements are still parallel to the plane model. The evidence is given on the following Figure 7 , which also proves the out-of-plane displacement for element 8 in pier 3. Regarding the west wall data, deformations along the X axis are clearly visible at the outer sides of this wall after Post-peak II (E III ).
In fact, CS elements placed on the left side, namely 1, 2, 8, 14 and 21 show the largest mean distances: 46, 13, 33, 46 and 20 mm in the negative direction of the abovementioned axis, as displayed on Figure 8 . Moreover, rotations in these elements are more significant than for wide pier 3, varying in a range of 3.6º (element 1) to 6.1º (element 14). Elements on the right side (near pier 3) also have negative displacements, but to a lesser extent. The extensive out-of-plane deformation of the west wall at the side of pier 1 was a direct consequence of the damage in the pier; fragments of CS elements fell between the pier and the wall creating a wedge effect that lead to local deformation of the wall. Lastly, those elements placed in the central part of the wall or adjacent to the outer elements show deformations, either in the positive direction of the X axis or very close to zero. This pattern is repeated in the previous epoch recorded (E II ), though the deformations are smaller. In the first two epochs, no significant displacements are detected.
Validation with co-registered TLS point clouds
The point cloud alignment is performed by the Leica Cyclone software, using ground control points to improve the overall accuracy. The registration error shown as its mean absolute is 0.002 m, which is considered good. Subsequently, each point cloud was reoriented following the coordinate system defined in Section 2 ( Figure 9 ). In order to detect absolute changes in both cases, it was necessary to study the geometry of wide pier 3 and the west wall from Epoch E 0 (before any pushover test was carried out) to E II (after Post-peak I phase) and E III (after Post-Peak II phase), respectively.
Particularly, the signed distances between each point forming the different point clouds and the best fitting planes of pier 3 and the west wall in Epoch E 0 (reference datasets) were computed. For comparison, the deformation map along the X axis of the west wall after E III is represented in Figure 10 . Similarly, the deformation map along the Y axis of wide pier 3 after E II is plotted ( Figure 11 ) together with the Table 3 . Summary of deformations for CS elements 1, 4, 6 and 8 of wide pier 3 with respect to the plane model of Epoch 0.
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CONCLUSIONS
In this paper a new method has been presented that identifies deformations in buildings from repeated laser scanning data, and where no registration between the different epochs is necessary. This method was demonstrated on two unreinforced masonry walls of a structure subject to cyclic loading and located at the TU Delft Stevin laboratory. Both walls were scanned before and after each testing phase which caused recognizable damage. The algorithm allows to first fit a plane to the wall data in each epoch and then computes the rotations and translations of each CS element (after their segmentation into planar segments). A suitable coordinate system with axes parallel and perpendicular to the walls under study was designed to facilitate the interpretation of the results. The method was adopted to detect out-of-plane deformations of pier 3 and the west wall. Although the load was imposed such that pier 3 could deform only within its plane, substantial outof-plane deformation could be detected. Due to previous damage, the pier-to-floor connections were both cracked giving the freedom to the pier to move in the 3D space (similar to a washing machine). The load imposed at floor level induced outof-plane deformations in the west wall. The method was able to detect the non-uniformity of the out-of-plane deformation
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As future work, it would be of interest to investigate the registration methods implemented in the Leica processing software, in order to know the accuracy of the scans registration used to build the complete walls in each epoch. The scan point error varies also with the range, intensity and incidence angle, therefore these parameters should be studied to see how relevant they are in the measurement of these deformations. Lastly, the cracks that appeared in wide pier 3 are not automatically detected and monitored, so they should also be studied in the future.
